We present a novel approach to Parkinson's Disease's (PD) tremor suppression based on a self-tunable Dynamic Vibration Absorber (DVA). The self-tuned DVA was designed, mathematically modeled, simulated and experimentally validated. For the experimental validation a wood beam, coupled to a vibration exciter, was used as an oscillating body. The control law for self-tuning was implemented and its effectiveness was investigated through experiments. Two types of input data were used to test the system performance. The first one was sinusoidal oscillations, where the input frequency could be varied; and the second a PD's waveform collected by sensors in patients and reproduced by the vibration exciter. The final self-tunable DVA system was able to suppress oscillations in the order of 98% and, maximum, 60%, respectively. This self-tunable DVA presents some biomedical advances and novelties. It has the ability to change its resonant frequency and better adapt itself to the patients inconstant tremor. Also, in a self-tunable DVA based on its mass, the components are lighter and smaller allowing clinical appliance in PD patients.
Introduction
Parkinson's Disease (PD) is characterized for muscle rigidity, gait, lost of balance and tremor. This disease affects negatively the patient's life [1] [2] [3] [4] [5] [6] [7] [8] [9] . Possible treatments for PD include pharmalogic therapy, pallidotomy and deep brain stimulation [1] [2] [3] [4] .
Pharmacologic therapy has side effects, its efficacy decreases over time [2] [3] [4] , [7] , reflected by the fact that the majority of the patients don't stick on the same drug therapy scheme or schedule [10] . Pallidotomy is a neurosurgery of ablation of the Globus Pallidus Internus (GPi), that albeit its efficacy, has potential non neglectable risks of permanent neurological deficits [1] [2] [3] [4] , [11] .
Deep Brain Stimulation (DBS) is also a neurosurgical procedure that consists in stimulating certain areas of the brain, such as GPi or Subthalamic Nucleus, through electronic impulses delivered by microelectrodes implanted on the brain [12] , [13] . DBS is currently established as the most innovative method in modern medical technology to relieve symptomatic expression of several major neurological disorders (including PD) [13] [14] [15] [16] [17] , and unlike Pallidotomy, it is non-destructive, reversible and thus adverse neurological side effects are significantly reduced [12] . However, besides being considered an expensive procedure, DBS is still an invasive therapy and connecting cables to microelectrodes are placed under the skin, which increases the risk of infection [12] . DBS efficacy depends on a complex and specialized medical and surgical staff, careful adjustments and high levels of precision [2] , [13] , [17] . The scientific community agrees that patients with cognitive or psychiatric difficulties are not eligible for DBS treatment [12] [13] [14] [15] . These medical and surgical limitations evoke the need for the development of an alternative, reliable and less invasive approach to attenuate PD's tremors at the musculoskeletal level [3] , [4] , [8] . In this vein, our research aims to develop a device for the suppression of tremors on the upper limb. Specifically, we propose an approach based on a Dynamic Vibration Absorber that can estimate tremor frequencies and that it can tune itself in order to minimize the tremor.
The technique used in a DVA is based in assembling a secondary mass to the oscillating system using a spring in order to mitigate its vibrations and thus reduce the maximum displacement [18] [19] [20] [21] [22] [23] [24] . The DVA is more effective when the forcing frequency is equal to its natural (or resonant) frequency [18] [19] [20] [21] . Adding a damping element in parallel with the spring results in a wider minimized frequency range [22] , [23] .
Bonsel [20] , [21] made a study on the behaviour of an un-dampen DVA by mathematically analysing, simulating and testing it for each parameter variation. The system's resonant frequency was changed manually varying its spring rate.
Kielb et al. [19] have practically eliminated sinusoidal tremors in a linear beam using a tunable DVA, whose resonant frequency was changed by varying the system's spring coefficient, which was simulated by a steel beam. However, similar to [20] , [21] , this DVA is not self-tunable, as it requires the tuning point to be changed without oscillations. Since the goal was not tremor suppression in patients, the device was not developed, nor was it tested, taking into account the features of tremor in PD.
On the other hand, Hashemi and colleagues [18] constructed a biomechanical model of the human arm and, using a tunable DVA, managed to suppress almost 30 dB of the tremor amplitude. The system parameter that was changed was also the spring rate. Nevertheless, their DVA was also not self-tunable.
Reversely, taking into account Rahimi's research [25] , our aim is to develop a self-tunable (or auto-tunable) DVA whose advantage, compared to the above mentioned devices, is the ability to adapt itself by changing its resonant frequency (in order to follow the forcing frequency of the oscillating corpus). Other authors have achieved this by varying the DVA's stiffness (see e.g. [26] [27] [28] ). An alternative approach, chosen by us, is to change the DVA's mass. This is also, to the best of our knowledge, a novelty. When comparing to a stiffness change auto-tunable system, this type of DVA is easier to tune its frequency. In addition the components needed to change the mass are lighter and smaller than the ones to vary the length of a steel beam. Using a fluidic-system with micro-pumps, it is possible to increase/reduce the weight of the DVA's mass.
In this paper, the Tunable DVA is analysed, simulated, constructed and tested. Each one of these phases is described in the following sections.
Analysis

DVA Model
The DVA is a spring, a mass and a damper, and therefore, it can be modeled as illustrated in Figure 1 . 
"Arm" + DVA odel M
When a mass plus spring DVA is attached to an oscillating corpus ("Arm"), the originated model is the represented in Figure 2 . Figure 2 , it is noticeable that the corpus' vibrations will have impact in m 2 movements. The secondary system (i.e. the DVA) can be expressed as the following differential equation:
(1) Where x(t) and y(t) are the time-based functions that describe the corpus and DVA's mass's displacements, respectively. Converting equation (1) into Laplace and rearranging it to get the transfer function, it is possible to obtain the relation between the DVA's mass and spring rate that expresses its resonant frequency. The DVA's transfer function and resonant frequency expression are:
The oscillating body (i.e. the Arm) is modelled as a 2 nd order mass-spring-damper system for simulation and mathematical analysis. The Arm's parameters are represented as m 1 , k 1 and b 1 , respectively. If its mass suffers an external force represented by the acceleration a ext (t), this system's differential equation is: (4) Equations (1) and (4) will form the differential system that expresses the two-degree-of-freedom (2DOF's) system illustrated in Figure 2 .
"Arm" isplacement xpression D E
Like Bonsel [20] , [21] , a detailed analysis of the system was performed in order to get the overall expression of the "Arm" displacement in relation to the system parameters. Considering the external acceleration, a ext (t), as a sinusoidal signal, both "Arm" and DVA's accelerations can also be expressed as sinusoids, which means that the primary displacement, x(t), has a maximum amplitude a 1 .
The equation that relates this value with the other parameters is: (5) where x ST is the "Arm" static deflection and  is the external frequency applied to the system.
Mass Ratio Effects
Eq. (5) can be used to analyse in detail how some system features affect the output. One of the features tested was the relation between the primary and the secondary mass (mass ratio, u = m 2 /m 1 ).
The DVA is more effective at suppressing tremors when its resonant frequency is equal to the external one [18] [19] [20] [21] . Nevertheless, even if this condition is always verified, there is a mass ratio that is more effective at absorbing oscillations. Figure 3 presents the mass ratio versus the external frequency applied to the system. For each frequency, there is a mass ratio that enables the secondary system, when synchronized, to better suppress the tremors. According to Hussein et al. [5] , the frequencies of PD's resting tremors occur between 3 and 7Hz for 75% of the patients. The main goal of our work is to develop a selftunable DVA that can suppress a large range of frequencies. However, due to the relation expressed in eq.
(3), larger frequencies require a larger spring rate for the same mass ratio. 3-axes Acceleration data was collected in the wrist and elbow of three different patients (A ~ C) suffering from PD. Fast Fourier Transform was used to compute the predominant frequency. One of those FFT's is shown in Figure 4 . Table 1 shows their characteristics while  Table 2 Table 2 , an average predominant frequency of 4,966 Hz was calculated. Adding a tolerance of 1 Hz, an approximate interval within 4 and 6 Hz was chosen. For this interval, the relation between the mass ratio and the input frequency shown in Figure 3 , suggest that the DVA's mass should be 32% of m 1 .
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In the previous sub-section a relation between the possible frequencies and its range was established. Chandler and Clauser [29] , [30] showed that the average weight of the human forearm is 1.088Kg. From the mass ratio study made in sections 2.4 and 2.5, the ideal DVA mass is 0.348Kg. Hereupon, a mass range of 0.2 to 0.4 kg was selected for the DVA. For these mass values, the spring coefficient of 270 N/m enable minimizing frequencies between 4 and 6 Hz, with a certain tolerance.
Simulations
With and Without DVA
In order to simulate the overall system, a dynamic model was implemented in Matlab's Simulink. The model was used to simulate various parameter settings. For each simulation a bode plot was drawn and studied in detail.
The Arm's natural frequency was set to 5 Hz so that the changes in the "Arm" displacement are more noticeable. Figure 5 shows the bode diagram with and without the DVA (tuned to 5 Hz). As expected from the previous analysis, the output displacement decreases to nearly zero when the DVA is included. It is also visible that the secondary system turns the initial peak in the bode plot into two different ones. This means that the incorporation of the DVA, creates two frequencies where the amplitude of the output oscillations is greater than in the rest of the spectrum. This is explained by the fact that the system has now two degrees of freedom.
With uned DVA T
If we manually tune the DVA to other frequencies, the bode plots will show that the tremor's amplitude decreases for every value chosen to its resonant point of operation. This is show in figure 6 .
Implementation
System Components Choice
In order to test the auto-tunable DVA, an oscillating body is required. Similarly to other approaches [19] [20] [21] , a wood beam was used to implement the oscillating body. Its external oscillations are created using a Vibration Exciter from Bruel Kjaer. The tremor's waveform are generated by a Tektronix arbitrary function generator. The components schematic of the approach investigated in this paper is illustrated in Figure 7 .
Figure 7 -DVA's Schematic
The oscillations are measured using a LIS331DLH threeaxes accelerometer. This sensor is equipped with I2C and SPI communication protocols. An Arduino Uno with an ATMEGA328-P microcontroller acquires the accelerations using the I2C protocol and sends them (using RS232) to a Matlab Script which implements the control law of the system. The acceleration data is collected at a rate of 400 samples per second, which is in accordance with the Nyquist-Shannon sampling theorem.
A small hydraulic system was created to change the DVA's mass. A few micropumps (MP-5 models from Bartels Microtechnik) are used to change water from two containers (a fixed one and a movable one that implements the DVA's mass). The micropumps operation is based on a piezoelectric diaphragm. The DVA was attached to the wood beam, 32 cm from the Shaker. The overall system is illustrated in Figure 8 . 
Control Law
A diagram with the control law implemented in Matlab is shown in Figure 9 .
For proper DVA self-tunning it is necessary to measure the resonant frequency of the secondary (i.e. DVA) system. However, due to some implementation problems related to horizontal movements of the springs, this measurement was not possible. This problem was solved by applying an initial condition to the system. The container should always start empty at the beginning of the tests. This way, the system would turn on the pumps to fill it. During the test, the control law would acquire 2000 acceleration points and, with their measured amplitude at its predominant frequency, a RMS effective value would be calculated. Testing whether this value is increasing or decreasing through time, the control law would compute if the water flux needed to be changed. Figure 10 shows how the vibration's acceleration's amplitude (referenced to g-units) evolve by setting the external frequency to 5Hz and varying the DVA's natural frequency from 6 Hz down to 4 Hz, by filling up the container. A valley is clearly visible on the graph. This valet occurs when the DVA is tuned.
Figure 9 -Control Law Diagram
The amplitudes of the tremors are measured by applying a Fast Fourier Transform to the data received by the serial port. This approach makes possible to separate the undesired frequencies from the spectrum. 
Without DVA
The next graph presents measurements performed on the "Arm" for harmonic input signals, i.e. Figure 11 shows the bode plot of the main corpus in the absence of the DVA. 
Sinusoidal Tremors (with DVA)
Before testing the control law, a magnitude measurement was used to determinate the resonant frequency of the DVA when the container was empty and full. The result shows a frequency range between 4.2Hz and 6.3Hz. At both these operating points the oscillations of the primary body have been reduced. Next, the DVA and the Control Law were tested using an harmonic external force. The evolution graphs of the vibration's acceleration's magnitude for various frequencies are illustrated in Figure 12 .
Figure 12 -Acceleration's amplitude for various frequencies
It is noticeable that, for external frequencies within the range specified previously, the control law was able to suppress the oscillations. An interesting fact shown in this graphs is that there is a point where the magnitude is a little unstable. This is more perceptible for 4.5Hz and 5Hz inputs. This lack of stability exists due to the fact that in this case the DVA was tuned to a frequency that creates a peak in the system's bode diagram.
With and Without DVA
Several tests at different frequencies were performed and for each one of them, data was collected with DVA tuned and without any control applied to the system. Figure 13 shows the comparison of the oscillations with and without a tuned DVA for various input frequencies.
Figure 13 -Acceleration's amplitude with (red line) and without (blue line) DVA versus input frequency
The DVA effectiveness is clearly visible, since it was able to reduce the vibration's amplitude at any frequency. These values were used to calculate the average percentage of the oscillation that was absorbed and it was 98%.
Testing the Control Law
The previous tests used a fixed external frequency. As referenced before (Figure 4 ), data collected from local PD patients show a spectrum with frequency components at several frequencies. Therefore it is important that the control law can tune the DVA to external frequency changes. Figure 14 shows the vibration's acceleration's amplitude evolution when the corpus frequency changes. Figure 15 depicts the progress of the frequency measured by the Control's FFT. These two graphs prove that the control law is able to adapt the DVA to the desired point of operation.
Parkinson's Tremors
To test the system performance for real PD's tremors, the data collected from each patient was applied to the Vibration Exciter. Figure 16 shows, for one of the patients, the evolution of the vibration's acceleration's magnitude measured in the FFT at the signal's predominant frequency with and without a tuned DVA. Table 3 , it is perceptible that the obtained results for patient B's tremors show less efficiency by the DVA at reducing them when comparing to the other tremors. This is due to the magnitude similarity in this patient's FFT (Figure 17 ). when one frequency is reduced, another one becomes the predominant one, implying the DVA to self-tune to it. Despite this small aspect, Table 3 results prove that the control law was capable to change the DVA's resonant frequency and reduce significantly typical PD's tremors.
Conclusion
The main purpose of this research was to develop a system based on a self-tunable Dynamic Vibration Absorber that has the potential to reduce PD's tremors. The oscillating body used to test the system was a wood beam attached to a Vibration Exciter, whose movements are generated by a Function Generator. The fabricated self-tunable DVA was attached to the beam to absorb and suppress its oscillations and it can be tuned to any frequency in a range from 4.2Hz to 6.3Hz, which covers the frequencies of PD's resting tremors. This variation was carried out by the actuation of piezoelectric micro-pumps, that change the mass of the DVA.
The control law was implemented after processing and analysing data measured by an accelerometer, and the overall system was capable of adapting itself to the main corpus oscillations, even when the frequency changed over time.
As a final experiment, the DVA was tested for real PD's tremors from three patients. The result was a minimum and maximum reduction of 26,63% and 60,56%, respectively.
However, the final product has some drawbacks. Critical aspect is the slow response of mass variation permitted by the micro-pumps. However, if re-constructed using several micro-pumps in parallel, it can turn to be a wearable product. The self-tunable DVA was tested in a wood beam without taking into account the human arm's parameters. If the experimented oscillating corpus could be approximated to a more realistic model and the DVA performance is proved to be satisfactory, it could improve the patient's quality of life. With some modifications, it can also be applied in other systems were tremor minimization could be beneficial.
